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Abstract 
Fatigue crack growth behavior of a series of aluminum alloy under single overload tests, repeated overload tests and a variable 
amplitude loading spectrum are analyzed. It is shown that the material behavior is governed by micro-mechanisms. For crack 
initiation at a notch, a short crack model presented here gives acceptable results. 
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1. Introduction 
Variable amplitude fatigue is one of the most complicated aspects in fatigue testing and analysis. As regards 
fatigue testing several aspects can be identified, such as 
x Coupon testing 
x Testing of fatigue critical components 
x Full scale fatigue testing 
 
Coupon or specimen testing is usually carried out to understand fatigue mechanism and materials classification 
and generate data for model parameter identification. The kind of tests that fall into this category are overload – 
under load tests or a combination of both, block load tests or tests under selected variable amplitude spectra. 
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Fatigue critical components are tested usually when failures are detected after certain period of commercial 
service; especially in aircraft applications [1] . The tests can be constant amplitude of variable amplitude tests. Full 
scale fatigue testing is carried out especially in the aircraft industry to qualify the fatigue life of the aircraft for 
certification purposes. 
In this paper certain aspects of materials behavior under selected variable amplitude e(VA) loading are presented 
and discussed. In the second part of the paper notch fatigue behavior under VA loading are presented and evaluated 
with respect to a short crack model developed by the author. 
2. Material data and test conditions 
The materials studied here are the 2024 T351 alloy; the 7075 alloy in three heat treatment conditions T351, T651 
and T7351 and the first generation Al Li alloy 8090 T651. 
The nominal composition and mechanical properties are given in Tables 1a and 1b respectively. 
 
Table 1.a – Nominal composition of studied alloys 
 
Alloy Zn Mg  Cu  Cr Fe Si Mn Ti Li 
2024 0.04 1.5 4.46 0.01 0.22 0.1 0.66 0.02 - 
7075 5.7 2.43 1.5 0.2 0.21 0.16 0.04 0.04 - 
8090 - 0.55 1.14 - 0.05 0.03 0.1 0.03 2.34 
 
Table 1.b – Nominal Mechanical Properties 
 
Alloy Young’s Modulus 
(GPa) 
Yield Strength 
(MPa) 
Ultimate Tensile 
Strength (MPa) 
Elongation (%) 
2024 T351 73 300 500 16 
7075 T351 70 458 583 10.6 
7075 T651 71.1 527 590 11 
7075 T7351 70.9 470 539 11.7 
8090 T651 81.2 430 480 13 
 
It can be seen here that the 8090 alloy has the highest Young’s modulus which along with its lowest density [2] 
made it a potential candidate for aircraft structural applications. 
The tests conducted here are 
x Single overload tests with an overload ratio (peak-load amplitude to baseline load amplitude) of  2.0 
x Repeated overload tests with one overload every 1000 cycles 
x Tests under a variable amplitude loading spectrum 
 
The tests were carried out using compact tension specimens 75mm wide 10 or 12mm thick. 
Some tests were carried out in vacuum to bring out intrinsic material behavior [3]. The tests were carried out at a 
nominal frequency of 20 Hz and the crack length was measured optically with a traveling microscope (25X).  
 
Notch fatigue tests were carried out in ambient air and the crack growth was monitored by metallurgical replicas. 
Some post mortem measurements were made using marker band tests. Details can be found in [4] and [5]. 
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3. Experimental results and analysis 
3.1. Materials behavior comparison under selected VA loading 
Experimental results for overload tests are presented in terms of number of delay cycles which represent the 
number of cycles required for the crack growth to attain the pre-overload growth rate after the overload application. 
The results for tests conducted in air and in vacuum are shown in figures 1a and 1b. 
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Fig.1a – Delay in all the studied alloys for tests at R=0.1 in air 
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Fig. 1b – Delay in all the studied alloys for tests at R=0.1 in vacuum 
It can be seen here that the delay behaviour is quite complicated and depends upon the studied alloy and the 
environment. For tests in air, the 8090 alloy has the highest delay for almost the studied 'K range. The delay is the 
lowest in the 7075 T7351 alloy. While for tests in vacuum, at low 'K values near the threshold, highest delays are 
observed in the 7075 alloy in the T351 condition. In this environment, lowest delays are observed in the 8090 alloy. 
These results are attributed to crack growth mechanisms. In general, planar slip behaviour leads to higher delay as 
compared to multiple slip. In the case of planar slip a facetted crack growth is observed as shown in figure 2a [2]. 
 
     
 
Fig. 2a example of planar slip   Fig. 2b Example of multiple slip 
 
For conventional alloys, such as the 7075 T351 or the 2024 T351 alloy, planar slip is observed in vacuum leading to 
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higher delays in vacuum than in air where multiple slip is observed. In the 7075 T7351 alloy, multiple slip is 
observed in both environments, leading to very low delay. The 8090 alloy has an anomalous behaviour as in this 
alloy delay is higher in air than in vacuum. This behaviour has been attributed to a change in mechanism after an 
overload in air [3]. It should be noted that the fracture surface has a facetted appearance in this alloy (as in fig.2a). 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 3 Repeated overload tests 
 
The results of repeated overload tests are given in figure 3. It can be seen here that, as observed for overload tests in 
air, the 8090 alloy has the best behaviour, characterized by lowest growth rates in the 'K range studied. 
 
The same alloys were then tested using a variable amplitude load spectrum. This spectrum, representative of 
aircraft wing loading contains 22547 excursions and 1000 different flights. An example of a flight loading is given 
in Figure 4. 
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Fig. 4 Normalized loads for a typical flight in the VA spectrum studied 
 
The results of the crack growth tests are shown in figure 5 
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Fig. 5 Crack growth rate versus maximum stress intensity factor for VA tests 
 
The average crack growth rates are expressed in terms of the maximum stress intensity factor associated to the 
spectrum , that is the load excursion that occurs once in 22547 cycles. It can be seen in this figure that the best 
behavior, represented by lower growth rates and higher life is observed for the 2024 alloy. For crack growth from 
24mm to 52mm in the CT specimen studied, the life is 135000 flights for the 2024 alloy while it is 89000 flights for 
the Al Li alloy. The 7075 T7351 alloy has the lowest life (45000 flights) and highest growth rates. 
The 8090 alloy was shown to exhibit a change in mechanism under the VA spectrum studied here, characterized 
by crack growth acceleration [6]. This change in mechanism explains why the alloy performance is not as good as 
that observed under single overload and repeated overload tests in air. 
 
3.2 Crack initiation at a notch  
 
 Crack initiation at a notch was studied under CA and VA conditions. The main idea was to study the validity of a 
short crack model. The salient features of the model are given in the following flow chart which also incorporates 
the conventional local stress approach, using a linear damage summation and the new short crack model [4]. 
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Short Crack Model      Local Strain Approach 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Flow chart of the proposed algorithm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the short crack approach, a crack life defect is assumed to exist right from the first cycle and the crack 
initiation life, in fact, is the life necessary for this crack to assume a detectable size. The size of this initial defect is 
the size of material defect such as an inclusion or a small void. The associated stress intensity factor is calculated 
using the Kujawski approximation [7] or the Newman and Raju formulation [8]. The local stresses at the notch are 
estimated using the Neuber or Glinka’s methods [4,9]. 
Crack initiation at a notch was studied experimentally, using the metallurgical replica method on the polished 
surface. The specimens studied were thin plates with a V notch with a Kt value of 3.14 [4]. 
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Figure 7 compares the experimental and crack length evolution for a constant amplitude test. For the life 
predictions, through thickness and corner crack configurations were considered.  
 
Fig. 7 Comparison of predicted and experimental crack length evolutions at a notch. 
It can be seen that both the crack configurations are possible. 
   
 
 
 
Fig. 8 Comparison of experimental data and model predictions 
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In the VA tests, using the same spectrum given in figure 4, a series of tests were carried out in a consolidated test 
program where 5 French research laboratories participated. The experimental studies were carried out by the test 
laboratories of the Airbus industries [10]. For this test program, a notch geometry with a Kt of 3.41 was used. For 
the predictions using the short crack model, several variability of material and test parameters were evaluated: 
 
x Variability in load accuracy during VA tests (2%) 
x Size of the initial notch (2Pm to 20 Pm) 
x Variability in material properties such as cyclic hardening properties 
x Variability in crack growth law parameters (2%) 
x Crack geometry, corner crack or through thickness 
Results of model predictions are compared with experimental data are shown in figure 8. For the experimental 
data, the level of scatter is visible for the lowest stress amplitude tests. In this figure other conventional model 
predictions are also given for comparison. It can be seen that the short crack model gives acceptable predictions, 
even though slightly conservative. The short crack model predictions are as good as the conventional models using 
the Morrow of Smith Topper Watson corrections. 
 
4. Conclusions 
In this study it is shown that the material behavior under variable amplitude loading depends upon the micro-
mechanism of crack growth.  
For crack initiation at a notch, a short crack model gives acceptable results for life prediction. 
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